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ABSTRACT 



An encapsulated organic light emitting device. The device 
includes a first barrier stack comprising at least one first 
barrier layer and at least one first polymer layer. There is an 
organic light emitting layer stack adjacent to the first barrier 
stack. A second barrier stack is adjacent to the organic light 
emitting layer stack. TTie second barrier stack has at least one 
second barrier layer and at least one second polymer layer. 
A method of making the encapsulated oigaoic light emitting 
device is also provided. 
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ENVIRONMENTAL BARRIER MATERIAL and the first barrier stack, and/or at least one second inler- 

FOR ORGANIC LIGHT EMITTING DEVICE mediate barrier stack located between the organic light 

AND METHOD OF MAKING emitting layer stack and either the first or second barrier 

stacks. The first and second intermediate barrier stacks 

This application is a continuation-in-part of U.S. patent 5 include at least one polymer layer and at least one barrier 

application Sen No. 09/212,779, filed Dec. 16, 1998 entitled layer. 

"Environmental Barrier Material for Organic Light Emitting Preferably, either one or both of the first and second 

Device and Method of Making," now U.S. Pat. No. 6,268, barrier layers of the first and second barrier stacks is 

695. substantially transparent . At least one of the, first and secon d 

10 barrier layer s preferably comprises a material selected trom , 

BACKGROUND OF THE INVENTION -^^Fg^gjgg^ ^ c..rU\A..^ me l«1 (i^^\po ^ 

The present invention relates to organic light emitting oxynitrides. and combinations the reof. The m etal oxides are . 

devices (OLEDs), and more particularly to OLEDs encap- preferably selected from silica, alumina, titania, indium 

sulated in barrier stacks. oxide, tin oxide, indium tin oxide, and combinations thereof, 

TTiere is a need for vereatiie visual displays for electronic .^^^^\ .^^ ^"^J^'^^t ^^.^^^^^ J^^^, aluminum 

products of many different types. Light emitting diodes '''^''t^ sihcon nitride, and combinations thereof, the metal 

(LEDs) and Uquid crystal displays (LCDs) have found many carbide is preferably silicon carbide, and the metal oxym- <^ .f\jx 

useful applications, but they are not adequate for aU situa- ^^^^ ^ preferably sihcon oxynitride. 

tions. OLEDs arc a relatively new type of visual display T3ie.^ncapsul^te4--QI:£II.caiL.fl ^ inrh i de a s ubstrat a 

which has shown great promise. An OLED basically adjacent to the first barrier stack on a side opposite to the 

includes an organic electroluminescent substance placed grRapic light e mitting layer stack. T he substrate can be either p ^ 

between two electrodes. When an electric potential is a £exii2le_substrate or a rigid suTjstrate. It is preferably a ScXAMy.S^Y^ ' 

applied across the electrodes, the electroluminescent sub- flexible substrate matenal, which can be polymers, metals, 

/^^ance emits visible light. Typically, one of the electrodes is P^per, fabric, and combinations thereof. The rigid substrate 

transparent, allowing the light to shine through. U.S. Pat. " is preferably glass, metal, or silicon. If a rigid substrate is 

" lA -^rwP 4f 7 No. 5,629389 (Roitman et al.), U.S. Pat No. 5,747,182 ^^sed, it can be removed prior to use if desired. 

{ V\ 0<Til{^^r<ajn^ (Friend et al.), U.S. Pat. No. 5,844,363 (Gu et al.), U.S. Pat. The polymer layers of the first and second barrier stacks 

No. 5,872,355 (Hueschen), U.S. Pat. No. 5,902,688 and the polymer layers in the first and second intermediate /v 

^ (Antoniadis et al.), and U.S. Pat. No. 5,948,552 (Antoniadis barrier stacks are preferably ac rylatc-cnntaining polymers (Xxv/lcAiaJr^ 

/) ^i^L/v\CJ^^ et al.), which are incorporated herein by reference, disclose (as used herein, the term acrylate-containing polymer 

^^-•Ui^^*^^^ r various OLED stmcturcs. includes acryl ate-containing polymers, mcthac rylate- 

^ WThe use of OLEDs in flat panel displays and other containing polymers, and combinations lE^fe^)rI^ ry'^^OJ^ 

information display formats is limited by the poor environ- mcrlair r fl in thr first ^n d/or t h < i ^ . ^n( \ h«rnrr st ar k ^-eairbe ^ ^^^^ 

mental stability of the devices. G.Gustafeon, Y.Cao, G. M. 35 the^same or different. ^ i^^^^ 

Treacy, F. Klavetter, N. Colaneri, and A. J. Heeger, Nature, The organic Ught emitting layer stack preferably com- J-QCpnfs f-O- 

Vol. 35, Jun. 11, 1992, pages 477-^79. Humidity and prises a first electrnde, an electrolijminef;cent laver. and a ^^T^A^lSr 

oxygen significandy reduce the useful life of most OLEDs. second electrode. Th e elect roluminescent layer preferably ^ 

As a result, these devices are typically fabricated on glass i ncludes a hole transporting layer, and an electron transport - 

substrates with glass covers laminated on top of the OLED ing layer, as is known in tpe art ana snowo in die patents 

and with the edges sealed to exclude water and oxygen from whose disclosures have been specifically incorporated 

the active layers. U.S. Pat. No. 5,872,355 discloses the use herein. 

of a polymer such as saran to seal the device. The water The invention also involves a method of making the 

vapor permeation rates (WVTR) required to provide suflS- encapsulated organic light emitting device. The method 

cient lifetime for OLEDs is calculated to be approximately 45 includes forming a first barrier stack comprising at least one 

10"^ g/mVday. The best polymer films (such as saran) have first barrier layer and at least one first polymer layer, forming 

WVTR values that are 5 orders of magnitude too high to be an organic light emitting layer stack, forming a second 

considered for OLED encapsulation. Furthermore, saran barrier stack comprising at least one second barrier layer and 

cannot be deposited using flash evaporation, condensation, at least one second polymer layer, and combining the first 

and in situ polymerization within a vacuum chamber. 50 barrier stack, the organic Ught emitting layer stack, and the 

Thus, there is a need for an improved lightweight, barrier second barrier stack to form the encapsulated organic light 

construction which can be used to encapsulate the OLED emitting device. Intermediate barrier stacks can optionaUy 

and prevent the deterioration caused by permeation of be formed. The layers are preferably formed by vacuu m 

oxygen and water vapor and for a method of making such an deposition. 

encapsulated OLED. 55 The organic light emitting layer stack can be combined 

with the first barrier stack and/or the second barrier stack by 

SUMMARY OF THE INVENTION laminating them together. Alternatively, they can be com- 

These needs are met by the present invention which is an bined simultaneously with forming by depositing one layer 

encapsulated o rg ai ^ic light pmittin^r H p wi rp ( n iFP ) The on the other. 

device includes a first barrier stack comprising at least one 60 In an alternative embodiment, the invention involves an 

first barrier layer and at least one first polvmer layer. T here encapsulated organic light, emitting device having a 

is an organic li ght emitting layer stack adjacent to the first substrate,^n organicUght^emittingJayeiistack-adjacent to 

barrier slack. A second barrier stack is adjacent to the the subst rate^-and-a. barrier stack comprising at least one 

organic light emitting layer stack. The second barrier stack barrier layer and at least one polymer layer, th ^ barrier stack 

has al least one second barrier layer and at least one second 65 adjacent to_t he-Qiganic_li ght_ emitting lay er stack. The 

polymer layer. The device optionally includes at least one invention also involves methods of making the encapsulated 

first intermediate barrier stack located between the substrate organic light emitting device. One method includes provid- 
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ing a substrate having an organic light emitting layer stack 
thereon, and laminating a barrier stack comprising at least 
one barrier layer and at least one polymer layer over the 
organic light emitting layer stack to encapsulate the organic 
light emitting barrier layer stack. The barrier stack is pref- 
erably laminated (edge sealed) using an adhesive, but other 
methods can be used including heat. 

Another method involves vacuum depositing the barrier 
stack on a substrate having an organic light emitting layer 
stack thereon. Still another method involves providing a 
substrate with an organic light emitting layer stack thereon, 
vacuum depositing at least one barrier layer on the organic 
light emitting layer stack, and depositing at least one first 
polymer layer on the at least one barrier layer. At least one 
second polymer layer can be deposited on the organic light 
emitting layer stack before the barrier layer is deposited. 

Accordingly, it is an object of the present invention to 
provide an encapsulated OLED, and to provide a method of 
making such a device.. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-section of one embodiment of the 
encapsulated OLED of the present invention. 

FIG. 2 is a cross-section of an alternate embodiment of the 
encapsulated OLED of the present invention, 

FIG. 3 is a cross-section of an embodiment of an encap- 
sulated OLED of the present invention. 

DESCRIPTION OF THE INVENTION 

One embodiment of the present invention is an encapsu- 
lated OLED 100 as shown in FIG. 1. The encapsulated 
OLED 100 includes substrate 105, a first barrier stack 110, 
an organic light emitting layer stack 120, and a second 
barrier stack 130. The first barrier stack 110 has a first barrier 
layer 140 and two polymer layers 150, 160. The second 
encapsulation layer 130 includes a second barrier layer 170 
and two polymer layers 180, 190. 

Although the Figures show barrier stacks with a single 
polymer layer on both sides of a single barrier layer, the 
barrier stack s can have one or more polymer layers and one 
or more barrier layers. There could be one polymer layer and 
-diK barrier layer, there could be multiple polymer layers on 
one side of one or more barrier layers, or there coidd be one 
or more polymer layers on both sides of one or more barrier 
layers. The important feature is that the barrier stack have at 
least one polymer layer and at least one barrier layer. 

The organic light emitting layer stack 120 includes a first 
electrode layer 200, an electroluminescent layer 210, and a 
second electrode 220. The electroluminescent layer 210 can 
include a hole transport layer 230, and an elecU-on transport 
layer 235. The exact form and composition of the organic 
light emitting layer stack is not critical. The organic light 
emitting layer stack includes first and second electrode 
layers on opposite sides of one or more active layers. The 
electrode layers are connected to a power source. At least 
one of the electrodes is transparent. The electroluniinescent 
layer may be multiple layers as shown, or a single layer. The 
electroluminescent layer typically includes a hole injection 
layer, a hole transport layer, an electron transport layer, and 
an emissive layer, and combinations thereof. Additional 
layers may also be present, including dielectric layers. The 
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688 (Antoniadis et ah), and U.S. Pat. No. 5,948,552 
(Antoniadis et al.), which have been incorporated herein by 
reference. 

The present invention is compatible with organic light 
emitting layer stacks made with light emitting polymers and 

small molecules. 

In the alternate embodiment shown in FIG. 2, the encap- 
sulated OLED 300 also includes a first intermediate barrier 
stack 240 and a second intermediate barrier stack 270. The 
first intermediate barrier stack is located between the sub- 
strate 105 and the first barrier stack 110, and it includes a 
polymer layer 250 and a barrier layer 260. The second 
intermediate barrier stack 270 includes a polymer layer 280 
and a barrier layer 290. The second intermediate barrier 
stack 270 is located between the organic light emitting layer 
stack 120 and the second barrier stack 130. Alternatively, the 
second intermediate layer could be located between the first 
barrier layer and the organic light emitting layer stack. In 
addition, there could be multiple first intermediate barrier 
stacks on top of one another to provide enhanced barrier 
proteaion. Similarly, there could be multiple second inter- 
mediate barrier stacks on top of one another. The order of the 
barrier and polymer layers in the intermediate barrier stacks 
is not critical. It depends on where the intermediate barrier 
stack is located and what layers are next to them. 

The encapsulated OLED can be made by forming the first 
barrier stack 110, the organic light emitting layer stack 120, 
and the second barrier stack 130. The stacks are combined 
to form the encapsulated OLED. 

Preferably, the stacks are combined by forming them 
using vacuum deposition. In this method, one layer is 
vacuum deposited on the previous layer, thereby combining 
the layers simultaneously with forming them. Alternatively, 
the organic light emitting layer stack can be combined with 
the first and second barrier stacks by laminating it between 
the first and second barrier stacks and sealing it along the 
edges with adhesive, glue, or the like, or by heating. The first 
and second barrier stacks include at least one barrier layer 
and at least one polymer layer. If a polymer/barrier/polymer 
structure is desired, it can be preferably formed as follows. 
These barrier stacks can be formed by depositing a layer of 
polymer, for example an acrylate-containing polymer, onto 
a substrate or previous layer. Preferablv, an acrvlate- 
45 containing mopomer. oligomer or resin (as used herein, the 
term acrylate-containing monomer, oligomer, or resin 
includes acrylate-containing monomers, oligomers, and 
resins, methacrylate-containing monomers, oligomers, and 
resins, and combinations thereof) is deposited and then 
50 polymerized in situ to form the polymer layer. The acrylate- 
containing polymer layer is then coated with a barrier layer. 
Another polymer layer is deposited onto the barrier layer. 
U.S. Pat. Nos. 5,440,446 and 5,725,909, which are incor- 
porated herein by reference, describe methods of depositing 
thin film, barrier stacks. 

The barrier stacks are preferably vacuum deposited. 
^^r\^ ] l m HppQvn'tirtn inrhid flS flr ^h evaporation of aery late-. 
containing monomer, oligomer, or resin with in situ poly- 
meri7.atinn under vactiiirn^ plasma deposition and polvme r- 
ization of acrylate-containing monomers, oligomer, or resin, 
as well as vacuum deposition of the barrier layers ^b y 
sputtering, chemical vapor deposition, plasma enhan ced 
chemical vapor deposition, evaporation, sublimation, elec- 
organic light emitting layer stack can be made using known tiuu cycluuuu icse nanGc - p la sma-enh an c cd va p ordeposition 
techniques, such as those described in U.S. Pat. No. 5,629, 65 (ECR-PEeVDJraScTcomSinations thereof. 
389 (Roitman et al.), U.S. Pat. No. 5,844,363 (Gu et al.). It is critical to protect the integrity of the barrier layer to 
U.S. Pat. No. 5,872,355 (Hueschen), U.S. Pat. No. 5,902, avoid the formation of defects and/or microcracks in the 
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deposited layer. The encapsulated OLED is preferably 
manufactured so that the barrier layers are not directly 
contacted by any equipment, such as rollers in a web coaling 
system, lo avoid defects that may be caused by abrasion over 
a roll or roller. This can be accomplished by designing the 
deposition system such that a set of layers of polymer/ 
barrier/polymer are deposited prior to contacting or touching 
any handling equipment. 

The substrate can be flexible nr ri gid. The flexible sub- 
strate may be any flexible material, including, but not 
[ limited to, p glvmcrSr for examp le polvcthlvcne terephthalate 
3^^^X PET), polyethylene naphthalate (PEN), or high temperature 
p mymers such as polyctner sultone f h'fcM. poiyimides. or 



Pp; cydir nlefin pnlymp.r Avail ahig ffnm 



Lofo High Tech Film, GMBH of Weil am Rhein. Gennany), 
metal, paper, fabric, and combinations thereof. The rigid 
substrate is preferably glass, metal, or silicon. If a flexible, 
encapsulated OLED is desired and a rigid substrate was used 
during manufacture, the rigid substrate is preferably 
removed prior to use. 

The polymer layers of the first and second barrier stacks 
and the polymer layers of the first and second intermediate 
barrier stacks are preferably acrvlate-containing monome r. 
oligomer or resin, and combinations thereof. Th e polymer 
layers of the first and second barrier stacks and first and 
second intermediate stacks can be the same or they can be 
different. In addition, the polymer layers within the each 
barrier stack can be the same or different. 

The barrier layers in the barrier stacks and the interme- 
diate barrier stades may be any barrier material. The barrier 
materials in the first and second barrier stacks and first and 
second intermediate barrier stacks can be the same or 
different. In addition, multiple layers of the same or different 
barrier layers can be used in a stack. Preferred transparent 
barrier ma terials ipclude^ but are, gn t limited to. metal 
oxi des, metal nitrides metal carbides, metal oxyoitridcs, and 
c qmbinations thereof. T he metal oxides are preferably 
selected from silica, alumina, titania, indium oxide, tin 
oxide, indium tin oxide, and combinations thereof, the metal 
nitrides are preferably selected firom aluminum nitride, sili- 
con nitride, and combinations thereof, the metal carbide is 
preferably silicon carbide, and the metal oxynitride is pref- 
erably silicon oxynitride. 

S ince on ly one side of the device must be t ransparen t, 
onl y_one of the barrier layers must be transparent. In th is 
situation, the barrier layer on the opposite side could be an 
opaque barrier material, including, but not limited to, metal, 
ceramic or polymer. 

An alternate encapsulated OLED is shown in FIG. 3. The 
encapsulated OLED 400 has a substrate 105 on which is 
fabricated an organic light emitting layer stack 120. A barrier 
stack 130 is deposited conformally over the organic light 
emitting layer stack 120, encapsulating it. TTie polymer 
layers in the barrier stack can be deposited in vacuum or by 
using atmospheric processes such as spin coating and/or 
spraying. A preferred method of forming the barrier stack is 
flash evaporating acrylate-containing monomers, oligomers 
or resins, condensing on the OLED layer stack, and poly- 
merizing in-situ in a vacuum chamber. The barrier layer is 
then deposited on the polymer layer using conventional 
vacuum processes such as evaporation, sputtering, CVD, 
PECVD or ECR-PECVD. A second polymer layer is then 
deposited on the barrier layer using the process described 
above. 

Alternatively, the OLED device could also be encapsu- 
lated by laminating a lid structure, containing the barrier 
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stack, to the substrate over the organic light emitting layer 
structure. The lamination can be performed using either 
adhesive, or glue, or the like, or by heating. The encapsu- 
lated OLED could also include an intermediate barrier stack 
270 as shown. If the substrate is transparent, then the barrier 
material could be opaque, or vice versa, as discussed above. 

A single pass, roll-to-roll, vacuum deposition of a three 
layer combination on a PET substrate, i.e., PET substrate/ 
polymer layer/barrier layer/polymer layer, can be more than 
five orders of magnitude less permeable to oxygen and water 
vapor than a single oxide layer on PET alone. See J. D. 
Affinito, M. E. Gross, C. A. Coronado, G. L. Graff, E. N, 
Greenwell, and P. M. Martin, Polymer-Oxide Transparent 
Barrier Layers Produced Using PML Process^ 39'* Annual 
Technical Conference Proceedings of the Society of Vacuum 
Coaters, Vacuum Web Coating Session, 1996, pages 
392-397; J. D. Affinito, S, Eufinger, M. E. Gross, G. L, 
Graff, and P. M. Martin, PML/Oxide/PML Barrier Layer 
Performance Differences Arising From Use of UV or Elec- 
tron Beam Polymerization of the PML Layers, Thin Solid 
Films, Vol.308, 1997, pages 19-25. This is in spite of the fact 
that the effect on the permeation rate of the polymer mul- 
tilayers (PML) layers alone, without the barrier layer (oxide, 
metal, nitride, oxynitride) layer, is barely measurable. It is 
believed that the improvement in barrier properties is due to 
two factors. First, permeation rates in the roll-to-roll coated 
oxide-only layers were foimd lo be conductance limited by 
defects in the oxide layer that arose during deposition and 
when the coated substrate was wound up over system 
idlers/rollers. Asperities (high points) in the underlying 
substrate are replicated in the deposited inorganic barrier 
layer. These features are subject to mechanical damage 
during web handling/take-up, and can lead to the formation 
of defects in the deposited film. These defects seriously limit 
the ultimate barrier performance of the films. In the single 
pass, polymer/barrier/polymer process, the first acrylic layer 
planarizes the substrate and provides an ideal surface for 
subsequent deposition of the inorganic barrier thin film. The 
second polymer layer provides a robust "protective" film 
thai minimizes damage to the barrier layer and also pla- 
narizes the structure for subsequent barrier layer (or organic 
light emitting layer stack) deposition. The intermediate 
polymer layers also decouple defects that exist in adjacent 
inorganic barrier layers, thus creating a tortuous path for gas 
diffusion. The permeability of the barrier stacks used in the 
present invention is shown below. 

TABLE 1 





Oxygen Penncation Rate 


Water vapor Penncation 


50 


fcc/m^/dav') 


(g/m^/dayr 


Sample 


23** C* 




38* C* 


l-barrier stack 


<0.005 


<0.005 


0.46 


2-baricr stacks 


<0.005 


<0.005 


<0.005 


5-banter stacks 


<O.QOS 


<0.005 


<O.0OS 









•38* C, 90% RH; 100% Oj 
"■38° C, 100% RH 

NOTE: Permeation rates of <0.005 are below the detection limits of cur- 
rent instrumentation (Mocon OxTran 2/20 L). 

60 As can be seen from the data in Table 1, the barrier stacks 
used in the present invention provide exceptional environ- 
mental protection, which was previously unavailable with 
polymers. We have also compared the performance of 
OLED devices (fabricated on glass and silicon) before and 

65 after encapsulation using the barrier stacks of the present 
invention. After encapsulation, the current density-versus- 
voltage and brigbtness-versus-current density characteristics 
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